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Bose-Einstein condensates (BECs) have been proposed as candidate states of matter for the
interior of neutron stars. Specifically, Chavanis and Harko obtained the mass-radius relation for a
BEC star and proposed that the recently discovered neutron stars with masses around 2M⊙ are
BEC stars. They employed a barotropic equation of state (EOS), with one free parameter, that
was first found by Colpi, Wasserman, and Shapiro (CSW), to describe them and derive stable
equilibrium configurations of spinning BEC stars in General Relativity. In this work we show that
while it is true that BECs allow for compact object masses as heavy as the heaviest observed ones,
such stars cannot simultaneously have radii that are small enough to be consistent with the latest
observations, in spite of the flexibility available in the EOS in the form of the free parameter. In
fact, our conclusion applies to any spinning relativistic boson star that obeys the CSW EOS.
PACS numbers: 95.85.Sz, 04.30.Db, 97.60.Jd
I. INTRODUCTION
Neutron stars are natural laboratories for studying the
extreme physical conditions that support the existence
of ultra-dense degenerate nuclear matter, which is held
together by its own strong gravity. Comprehending the
structure and composition of these compact stars is chal-
lenging. Although, a complete understanding of the neu-
tron star interior is yet to emerge, several equations of
state have been proposed to describe it. The core of this
compact star is made of hadronic matter and the inter-
action of such a many-body system is governed by the
laws of quantum chromodynamics (QCD). Matter under
such conditions is expected to be described by an exper-
imentally unexplored and a completely different regime
of the QCD phase diagram than the one, e.g., of hot
dense matter such as the quark-gluon plasma. This is
because the former has a very high chemical potential
and supra-nuclear density, along with a very low temper-
ature compared to the Fermi temperature, TF . Deriving
the properties of this phase from any first principle cal-
culations, such as in lattice gauge theory, is currently not
a viable proposition.
The strong self-gravitational field of a neutron star1
harbors extreme physical conditions that can create a
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1 Unless otherwise specified, in this paper, by a “neutron star”
we mean any compact star that may be made of only neutron
unique fundamental phase of hadronic matter. This
dense degenerate nuclear matter cannot be created in any
terrestrial laboratory, e.g., RHIC, CERN, or any other
particle collider where the center-of-mass energy is sig-
nificantly higher than TF at a comparable density.
It has been speculated for a long time that the condi-
tion in the neutron star interior may be suitable enough
to support Bose-Einstein condensates of different types
of nuclear matter, such as pions, kaons or even neutrons,
without necessarily involving any exotic particles, e.g.,
certain flavors of quarks. Sawyer [1], Barshay et al. [2]
and Baym [3] were among the first to propose that super-
dense nuclear matter in the interior of a neutron star can
undergo phase transition to produce π− condensation.
Glendenning et al. [4, 5] formulated the theoretical back-
ground of isospin asymmetric nuclear matter with both
normal and pion condensed states in neutron stars and
derived a few candidate equations of state, some of which
can produce a ∼ 2 M⊙ star.
Recently a couple of massive neutron stars, with
masses of 2.01± 0.04 M⊙ and 1.97± 0.04 M⊙, were dis-
covered by Antoniadis et al. [6] and Demorest et al. [7],
respectively, which triggered multiple papers proposing
various models of cold, dense, degenerate nuclear matter
that can support stable configurations of self-gravitating
rich nuclear matter (truly neutron star), only quark matter at
the core (quark star), a combination of both (hybrid star) or a
star with a Bose-Einstein condensate (BEC) of hadronic or quark
matter.
2fluid with those observed large mass values [8–12]. Specif-
ically, superconductivity and superfluidity have been hy-
pothesized in the past to exist in neutron stars to ex-
plain certain observational effects (see, e.g., Ref. [13]).
Neutrons bound in Cooper pairs can form a BEC. Each
pair can be treated as a composite boson with an effec-
tive mass nearly equal to twice the mass of a neutron,
or less, depending on how large the binding energy is.
A microscopically exact way of treating such a system
is provided by the theory of BCS-BEC crossover, which
describes a transition from the quantum state of super-
fluidity (BCS phase) to a BEC. Nishida and Abuki [14]
explained the basic concept of this crossover and showed
that these two states are smoothly connected without a
phase transition.
Just as with masses, several observational measure-
ments exist of the radii of neutron stars [38–40, 42, 43].
Although simultaneous measurements of both the mass
and the radius of the same object are available for a few
cases [38–40], more reliable and tighter constraints come
from a collection of different methods applied to vari-
ous sources. This makes it possible to seek consistency
among all those astronomical observations for any par-
ticular equation of state. What has been possible is to
obtain constraints on it by examining the distributions
of the measured masses and radii of various sources (see,
e.g., the review [50] and the references therein). There-
fore, whenever new observations are made, such as with
the aforementioned two heaviest neutron stars, it is im-
portant to revisit how those constraints get revised and
what equations of state get ruled out or in. Note that
no radius measurements are available for these (heaviest)
neutron stars till date.
In this paper, we study the structural properties of
neutron stars, particularly, mass (M), radius (R) and
spin, formed from a BEC of neutron Cooper pairs, the
equation of state (EOS) for which was first introduced
by Colpi, Shapiro, Wasserman (CSW) [16]. Chava-
nis and Harko [30] hypothesized that the recently ob-
served massive neutron stars [6, 7] are BEC stars obey-
ing the CSW EOS. This proposal was based on their
demonstration that the CSW EOS, when applied to the
Tolman-Oppenheimer-Volkoff (TOV) equations of rela-
tivistic stellar structure, allows for the observed large
neutron star masses. This in turn is facilitated by a range
of values that the scattering length and the mass of the
Cooper pair of neutrons can assume, both of which are
free parameters in their model for the EOS. In the lit-
erature, however, the CSW EOS has been adopted for
studying not just the possibility of BECs as the con-
stituents of stellar mass compact objects but also the
viability of equilibrium configurations of boson stars [17–
20]. Indeed, boson stars have been considered as possi-
ble dark matter candidates [21, 22]. In the cosmological
context, boson stars have been proposed to have a range
of masses, including those comparable to supermassive
black hole masses (see, e.g., Refs. [23–25]). Furthermore,
various people have studied observational consequences
of the existence of boson stars, such as through electro-
magnetic observations [26] and gravitational waves (see,
e.g., Refs. [27–29] and the references therein). Therefore,
if the aforementioned hypothesis of Chavanis and Harko
is indeed true, then it can have important implications
for these proposed observations.
With this in mind, here we revisit the theoretically al-
lowed equilibrium configurations of boson stars, specif-
ically, to test the predictions of Chavanis and Harko
against astronomical observations of the masses and radii
of neutron stars. We build on their work by generaliz-
ing it to include spin, with different scattering lengths
and Cooper-pair masses, to compute the observationally
verifiable mass-radius relations. As shown in the subse-
quent sections, unfortunately for this model, we find that
the radius predicted by the CSW EOS is too large to be
consistent with astronomical observations.
II. COMPUTING STELLAR STRUCTURE
WITH CSW EOS
In Ref. [30] Chavanis and Harko proposed that in the
neutron star interior a BEC can exist in the form of neu-
tron Cooper-pairs. They argued that this BEC can be
described by the CSW EOS:
P =
c4
36K
[(
1 +
12K
c2
ρ
)1/2
− 1
]2
, (1)
where P is the pressure of the fluid, ρ = ǫ/c2, ǫ is the
total energy-density of the fluid, c is the speed of light in
vacuum, and
K =
λ~3
4m4c
. (2)
Above, m is the mass of the neutron Cooper-pair, ~ is
the Planck constant, and λ is a dimensionless quantity
defined by
λ = (9.523× 8π)
a
1 fm
m
2mn
. (3)
Above, a is the scattering length that defines a 1
4
λφ4
interaction between condensed bosons and, via the rela-
tivistic Gross-Pitaeviskii equation, gives rise to the EOS
defined in Eq. (1). Note that m is a free parameter. It
obeys m ≤ 2mn, where mn is the neutron mass. λ is the
second free parameter in their model.
As is evident in Eq. (2), both a and m enter the
EOS through the single parameter K. Therefore, a sta-
ble equilibrium stationary stellar configuration of a self-
gravitating condensate corresponding to a specific value
of K can actually arise from multiple possible values of
a and m. Below, we use the values of stellar structural
quantities, such as mass, radius, and spin, as obtained
from astronomical observations of neutron stars to con-
strain the free parameter K and, hence, the allowed val-
ues of both scattering length a and Cooper-pair mass m.
3In this paper we consider stationary axisymmetric
equilibrium configurations of the star with four different
stellar spin frequencies, as well as the static spherically
symmetric non-spinning case, with perfect fluid matter.
We used the publicly available “Rapidly Rotating Neu-
tron Star” (RNS) code [31] (which follows the algorithm
defined in Komatsu et al. [32] and Cook et al. [35]) to
numerically obtain these configurations for stellar spin
frequencies 250 Hz, 500 Hz, 750 Hz, and 1 kHz, as well
as the non-spinning one for the CSW equation of state.
(See Appendix A for a brief description of the RNS code.)
For each value of the stellar spin frequency chosen here,
we computed the gravitational mass M (generally re-
ferred to as “mass” in this paper, unless mentioned other-
wise) and the stellar radius R, both equatorial and polar,
corresponding to a hundred different values of the central
density of the star. The results are given in Sec. II A.
A. The effect of the free parameter (K) in CSW
EOS on the structure of a neutron star
The value of the EOS parameter K neither is known
from any calculations from first principles nor has been
determined yet from any experimental data and, there-
fore, remains a free parameter. Any change in K will
change the EOS (see Eqs. (1)-(3)) and, thus, will also
affect the observable structural quantities. Here, we dis-
cuss the effect of that parameter on the maximum grav-
itational mass of such a neutron star.
In Ref. [6] it was reported that a pulsar was observed
with a gravitational mass as large as 2.01 ± 0.04 M⊙.
This is the most massive neutron star currently known
for which such precise and reliable measurement was pos-
sible. As shown in Fig. 1, we find that forK < 3.475×105
cm5 g−1s−2, the maximum neutron star mass Mmax al-
lowed by the CSW EOS is 1.89 M⊙, which is the max-
imum mass one finds for this pulsar after allowing for
a −3σ error in the observed value. Therefore, K needs
to be greater than 3.475× 105 cm5 g−1s−2 for the CSW
EOS to allow for heavier maximum neutron star masses
and, thereby, remain consistent with observations. Thus,
in general all possible pairs of values of a and m that
lie in the red hatched region in Fig. 2 rule out this kind
of a BEC as the principal constituent of a neutron star.
Hence, we compute the values of several stellar struc-
ture characteristics and plot them in Figs. 3 and 4 for
K ≥ 3.475× 105 cm5 g−1s−2 in order to compare them
with values obtained from astronomical observations. We
summarize these observations in the next section before
returning to study their implications on the results shown
in Figs. 3 and 4.
III. CONSTRAINTS FROM ASTRONOMICAL
OBSERVATIONS
Timing and spectral studies of several astrophysical
phenomena in Galactic low-mass X-ray binary (LMXB)
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FIG. 1. The maximum gravitational mass of a BEC star
obeying the CSW equation of state [16] is plotted as a function
of the free parameterK (in cm5 g−1s−2) in (blue) dots and the
(red) star. The thin horizontal (red) line shows the observed
maximum mass of a neutron star and the horizontal gray band
shows the 1σ error in that value [6]. Here, the (red) star on
the lower boundary of the green region is at K = 3.475× 105
cm5 g−1s−2, and denotes the minimum value of K allowed
by observations when one widens the error on the observed
maximum neutron star mass by 3σ.
systems provide observational constraints on the mass-
radius (M -R) relationship of neutron stars. Neutron
stars in LMXB systems accrete matter from their com-
panions. The accreted matter falls and accumulates
on the neutron star surface. This accumulated matter,
which is mostly hydrogen or helium, reaches the tempera-
ture, pressure and density conditions suitable for various
thermonuclear reactions [36, 37]. These thermonuclear
reactions in neutron stars in LMXB systems often oc-
cur intermittently and undergo run-away nuclear burn-
ing producing luminous flashes of X-ray radiation, gen-
erally termed as “thermonuclear X-ray burst” or “type-I
X-ray burst”. As a consequence, they are seen with sev-
eral X-ray telescopes, particularly Rossi Timing Explorer
Satellite (RXTE). In Ref. [38], O¨zel et al. studied three
neutron star LMXBs, namely, 4U 1608–248, EXO 1745–
248, and 4U 1820–30, where they analyzed photon energy
spectra of a number of thermonuclear X-ray bursts from
these three sources and used them to estimate the grav-
itational mass and radius of the respective neutron stars
(see Fig. 1 in [38]). The reported values for the 1-σ and
2-σ confidence contours imply that the masses and radii
of these neutron stars lie in the range of ≈ 1.3−1.95M⊙
and ≈ 8− 12 km, respectively.
In another paper, O¨zel et al. [39] analyzed thermonu-
clear X-ray bursts from another neutron star LMXB sys-
tem, viz., KS 1731–260, in the direction of the Galactic
bulge. In this case, they were able to put an upper limit
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FIG. 2. The constraint on the scattering length a and
the Cooper-pair mass m (in units of mn) arising from the
observational constraint on the free parameter K (in cm5
g−1s−2). Figure 1 shows that the (red) hatched region, where
K < 3.475 × 105 cm5 g−1s−2 is disallowed by the maximum
observed mass of neutron stars. As argued in Sec. III, the
region (blue colored) where K > 3.475× 105 cm5 g−1s−2 gets
ruled out too by the fact that the observed neutron star radii
are smaller than the values predicted by the CSW EOS.
on the neutron star radius of R ≤ 12.5 km at the 95%
confidence level, assuming its gravitational mass to be
M ≤ 2.1 M⊙.
Furthermore, Gu¨ver et al. [40] studied the energy spec-
tra in the X-ray band of RXTE observations of a num-
ber of thermonuclear bursts from the neutron star in
the LMXB system 4U 1820–30 in the globular cluster
NGC 6624, which provided for a well estimated dis-
tance to the source. They measured the mass and ra-
dius of the neutron star in that LMXB using the en-
ergy spectra extracted at the touchdown moments of sev-
eral photospheric radius expansion (PRE) thermonuclear
bursts and found them to be M = 1.58 ± 0.06 M⊙ and
R = 9.11± 0.4 km, respectively.
In Ref. [41], van Straaten et al. detected a kHz QPO
from a Galactic neutron star LMXB source 4U 0614+09
at 1329 ± 4 Hz. Although, the physical origin of these
kHz QPOs is not unequivocally explained, the widely ac-
cepted view suggests that the centroid frequency corre-
sponds to Keplerian orbital frequency around the neu-
tron star. With that assumption the authors estimated
the upper limits on both mass and radius of the neutron
star to be M ≤ 1.9 M⊙ and R ≤ 15.2 km, respectively.
Since X-ray observations are affected by systematic er-
rors it is important to include different classes of sources
in drawing inferences about neutron star radii. Distinct
from the aforementioned types of neutron star systems
are quiescent low-mass X-ray binaries (qLMXBs) in glob-
ular clusters. By analyzing the thermal spectra from a
number of them, Guillot et al. [42] reported that the in-
ferred neutron star radii lie in the rangeR = 7.6−10.4 km
(see Fig. 17 in Ref. [42]), which are again on the small
side. Nonetheless, for a particular neutron star in ω Cen
the same authors provided an observational estimation
of R = 20− 27 km. This result, however, is beset by sys-
tematic errors. This is primarily due to the uncertainty
in the amount of neutral hydrogen nH in the inter-stellar
medium and the star’s atmospheric chemical composition
and is, therefore, highly debatable. To wit, by using dif-
ferent values of these parameters, Lattimer & Steiner [43]
reported a range of smaller values for the inferred radius
of that neutron star in ω Cen, namely, R = 8− 15 km.
We now compare these astronomically observed val-
ues of neutron star radii with those that we obtain the-
oretically for the CSW EOS. The latter are presented in
Fig. 3 & Fig. 4. We study the rotation induced changes
in both the equatorial and the polar radii of spinning
neutron stars (in some cases rapidly spinning) by com-
puting the numerically exact solutions of stellar structure
in full General Relativity. (Note that spin is expected to
allow for a greater range of radii than the non-spinning
configuration, thereby, improving the chances of over-
lap with observed radii.) Moreover, since most of the
observed neutron stars are in LMXB systems, they are
very likely to be spun up by accretion induced torque
and may presently be spinning rapidly. Thus, the radius
inferred observationally can vary from one method to an-
other depending on whether it measures the equatorial
or the polar value. This limitation notwithstanding, the
measured radii must always lie between those two values.
In Figs. 3 and 4 we present our theoretical results, which
show that the smallest radius allowed by the CSW EOS,
for any spin ≤ 1 kHz and masses as high as 1.89 M⊙, is
17.5 km. The effect of rotation on the neutron star ra-
dius for the CSW EOS is not sufficiently large to explain
the small observed values. This is the main conclusion of
this work.
Limiting the spin frequency of the compact objects in
our simulations to ≈ 1 kHz is quite reasonable for these
astrophysical neutron stars we observe in our Galaxy.
The fastest-spinning pulsar known today is PSR J1748-
2446ad, which has a spin frequency of 716 Hz. This cor-
responds to a spin-period of about 1.4ms. RXTE and
INTEGRAL discovered a pulsar in 2007, namely, XTE
J1739-28, which was initially claimed to be rotating at
1122 Hz [47]. But this result is not statistically signifi-
cant. Nonetheless, we in fact considered stellar configura-
tions with spins as high as 1kHz, which allows for smaller
polar radii than non-spinning configurations. This gives
the BEC models slightly more room for viability, vis a vis
observational data. We could have considered somewhat
higher spins too but as shown in Fig. 3, the reduced
polar radii would still not make the BEC stars observa-
tionally consistent. Indeed, as shown in Fig. 3 the best
BEC scenarios are for K . 4× 105 cm5 g−1s−2, i.e., the
two rows there. But even there, increasing the spin from
0 to 1kHz makes very little difference (i.e., less than a
5few percent) at the smallest radii observed in our con-
figurations, which are > 17.5 km. Additionally, results
from nuclear physics strongly constrain the radius of a
neutron star to be . 14 km for masses & 1.2 M⊙ [50].
Moreover, the distribution of all measured pulsar spin
frequencies to date falls rather rapidly at the high-
frequency end. In particular, the histogram of spin fre-
quency distribution of the accreting neutron star in the
LMXB systems, which are the major sources we consid-
ered here, show a significant cut-off at around 730 Hz
[47].
Therefore, the chance of having a neutron star above 1
kHz is extremely small. Moreover, we have considered a
number of different LMXBs each having a different neu-
tron star. Thus, it is highly unlikely that any neutron
star will have a spin frequency higher than 1 kHz. If
even a single neutron star in these systems has spin less
than or around 1 kHz, it is sufficient to rule out the CSW
EOS. In this way, the frequency band studied is repre-
sentative of the spins as observed in nature.
Finally, a note on the turning points in each of the
mass vs central density curves in Figs. 3 and 4: These
points are associated with the maximum mass allowed by
the corresponding configuration, and mark the onset of
an instability in the fundamental radial pulsation mode
of a non-spinning star [44] and the secular axisymmetric
instability in a spinning neutron star [45]. As was shown
in Ref. [48], the onset of this instability separates stable
configurations from ones that will collapse to form a black
hole or some other compact object that is not a neutron
condensate obeying the CSW EOS. The timescale of the
development of this instability will be comparable to the
viscous timescale of the EOS, but much smaller than the
lifetime of a neutron star in an LMXB system. (Indeed,
the largest glitch time ever observed in the large pop-
ulation of pulsars is also significantly smaller than the
lifetime of the pulsars themselves [49].) Moreover, the
collapse timescale will be comparable to the dynamical
timescale of such a configuration and, thus, will be a neg-
ligible fraction of the lifetime of the neutron stars in the
LMXBs considered here.
IV. SUMMARY
The masses of most components of double neutron
star systems have been measured quite accurately but
not their radius [46]. Moreover, the radii of the massive
pulsars discovered in Refs. [6, 7] are also unknown. It
is worth noting here that the detected component(s) in
these systems are all radio-pulsars. In the case of radio-
pulsars any estimation of radius is practically impossible,
which is unlike the case of accreting pulsars that are ob-
servable in X-rays.
Simultaneous measurements of the masses and radii of
several neutron stars, as listed in the preceding section,
put a very strong constraint on their equation of state.
The equation of state that we considered here, namely
CSW EOS, which was proposed by Chavanis and Harko
[30] as the EOS of recently observed massive neutron
stars, predicts a large neutron star radius, R > 17.5 km,
for any value of its gravitating mass, provided that the
value of the free parameter K is ≥ 3.475 × 105 cm5
g−1s−2. As the value of K increases (due to increase
in scattering length a, or decrease in Cooper pair mass
m, or a combination of both), the value of the neutron
star radius also increases to unrealistically large values,
as shown in Fig. 5 for non spinning cases. The effect of
spin in changing either the maximum mass or minimum
radius is negligible for any value of K, as can be seen
from Figs. 3 and 4. Thus, K ≥ 3.475×105 cm5 g−1s−2 is
strongly disfavored by these astronomical observations.
Moreover, the existence of not-so-massive neutron stars
M . 1.6 M⊙ having a small radius (i.e., R . 10 km),
as reported by Gu¨ver et al. [40], implies that even for
K = 3.475 × 105 cm5 g−1s−2 the radius predicted by
the CSW EOS is too large to be consistent with those
observations.
Therefore, any matter that obeys the CSW EOS is
practically ruled out as the constituent of neutron stars
observed in nature. Note that this conclusion does not
preclude: (a) Boson stars obeying a different EOS, in gen-
eral, or neutron stars with interior composition of BECs
of kaons or pions obeying a different EOS, in particular;
(b) Boson stars obeying the CSW EOS but with masses
that are very different, e.g., comparable to supermassive
black hole masses. In the latter case, however, one is still
left with the problem of explaining why stellar mass ob-
jects are not favored while much heavier objects of the
same EOS are allowed.
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FIG. 3. The gravitational mass of neutron stars with a variety of spin frequencies and obeying the CSW EOS are plotted as a
function of the central-density (left-column) and radius (right-column). Each row corresponds to a different value of the CSW
EOS parameter (in cm5 g−1s−2), namely, K = 3.475×105 (top row) and K = 3.72×105 (bottom row). The equatorial (“equ”)
and polar (“pol”) radii for a variety of neutron star spins along with the non-spinning (i.e., “0 Hz spin” case) are also shown
here.
Appendix A: A brief description of the RNS code
In this paper we study the static spherically symmetric (non-spinning) as well as the stationary axisymmetric
spinning equilibrium configurations of a star. In the latter case we derive configurations for four different stellar spin
frequencies. We make the following three assumptions: (i) The star resides in an asymptotically flat spacetime; (ii)
The spacetime has a timelike Killing vector tα and an azimuthal (rotational) Killing vector φα; (iii) the two Killing
vectors commute and there exists a transformation, tα → −tα and φα → −φα, under which the spacetime is isometric.
Under these reasonable assumptions the background metric gαβ of a star turns out to be [33, 34]:
ds2 = −e2νdt2 + e2ψ(dφ − ωdt)2 + e2µ(dr2 + r2dθ2) , (A1)
where ν, ψ, ω and µ are metric functions that depend only on the coordinates r and θ.
7Furthermore, we assume the matter of the star to be a perfect fluid, which is described by the energy-momentum
tensor
Tαβ = (ǫ + p)uαuβ + Pgαβ , (A2)
where ǫ is the energy density, p is the pressure and uα is the four-velocity of a fluid element. The relativistic Euler
equation for this stationary axisymmetric star is given by
▽αp
(ǫ+ p)
= −uβ ▽β uα . (A3)
We used the publicly available RNS-code [31] which follows the algorithm of Cook et al. [35], with some minor
modifications, to numerically compute the solutions of the above equation for the CSW equation of state and for
stellar spin frequencies 250 Hz (shown by red curves in Figs. 3 and 4), 500 Hz (green curves), 750 Hz (blue curves)
and 1 kHz (pink curves) along with the non-spinning (black curves). The RNS code can compute individual stellar
models as well as sequences of them for fixed mass, rest mass, angular velocity or angular momentum. The code uses
uniform rotation in all models with spin, which is a very good approximation for the compact configurations studied
here.
[1] R. F. Sawyer, Phys. Rev. Lett. 29, 382 (1972).
[2] S. Barshay, G. Vagradov and G. E. Brown, Phys. Lett. B 43, 359 (1973).
[3] G. Baym, Phys. Rev. Lett. 30, 1340 (1973).
[4] N. K. Glendenning, B. Banerjee and M. Gyulassy, Annals Phys. 149, 1 (1983).
[5] N. K. Glendenning, P. Hecking and V. Ruck, Annals Phys. 149, 22 (1983).
[6] J. Antoniadis, P. C. C. Freire, N. Wex, T. M. Tauris, R. S. Lynch, M. H. van Kerkwijk, M. Kramer and C. Bassa et al.,
Science 340, 6131 (2013) [arXiv:1304.6875 [astro-ph.HE]].
[7] P. Demorest, T. Pennucci, S. Ransom, M. Roberts and J. Hessels, Nature 467, 1081 (2010) [arXiv:1010.5788 [astro-ph.HE]].
[8] M. Prakash, arXiv:1404.1966 [astro-ph.SR].
[9] G. Pagliara, A. Drago, A. Lavagno and D. Pigato, arXiv:1404.6070 [nucl-th].
[10] J. M. Lattimer, Gen. Rel. Grav. 46, 1713 (2014).
[11] N. Yasutake, R. Lastowiecki, S. Benic, D. Blaschke, T. Maruyama and T. Tatsumi, arXiv:1403.7492 [astro-ph.HE].
[12] A. F. Fantina, N. Chamel, J. M. Pearson and S. Goriely, EPJ Web Conf. 66, 07005 (2014).
[13] D. Page, M. Prakash, J. M. Lattimer and A. Steiner, Phys. Rev. Lett. 85, 2048 (2000) [hep-ph/0005094].
[14] Y. Nishida and H. Abuki, Phys. Rev. D 72, 096004 (2005) [hep-ph/0504083].
[15] J. M. Lattimer, Ann. Rev. Nucl. Part. Sci. 62, 485 (2012) [arXiv:1305.3510 [nucl-th]].
[16] M. Colpi, S. L. Shapiro and I. Wasserman, Phys. Rev. Lett. 57, 2485 (1986).
[17] P. Jetzer, Phys. Rept. 220, 163 (1992).
[18] A. R. Liddle and M. S. Madsen, Int. J. Mod. Phys. D 1, 101 (1992).
[19] F. E. Schunck and E. W. Mielke, Class. Quant. Grav. 20, R301 (2003) [arXiv:0801.0307 [astro-ph]].
[20] E. Seidel and W. M. Suen, Phys. Rev. D 42, 384 (1990).
[21] J. w. Lee and I. g. Koh, Phys. Rev. D 53, 2236 (1996) [hep-ph/9507385].
[22] U. Nucamendi, M. Salgado and D. Sudarsky, Phys. Rev. D 63, 125016 (2001) [gr-qc/0011049].
[23] F. E. Schunck and A. R. Liddle, Phys. Lett. B 404, 25 (1997) [gr-qc/9704029].
[24] M. P. Dabrowski and F. E. Schunck, Astrophys. J. 535, 316 (2000) [astro-ph/9807039].
[25] D. F. Torres, S. Capozziello and G. Lambiase, Phys. Rev. D 62, 104012 (2000) [astro-ph/0004064].
[26] F. S. Guzman, Phys. Rev. D 73, 021501 (2006) [gr-qc/0512081].
[27] S. L. Liebling and C. Palenzuela, Living Rev. Rel. 15, 6 (2012) [arXiv:1202.5809 [gr-qc]].
[28] N. Yunes and X. Siemens, Living Rev. Rel. 16, 9 (2013) [arXiv:1304.3473 [gr-qc]].
[29] Y. F. Yuan, R. Narayan and M. J. Rees, Astrophys. J. 606, 1112 (2004) [astro-ph/0401549].
[30] P. H. Chavanis and T. Harko, Phys. Rev. D 86, 064011 (2012).
[31] N. Stergioulas and J. .L. Friedman, Astrophys. J. 444, 306 (1995) [astro-ph/9411032].
[32] H. Komatsu, Y. Eriguchi and I. Hachisu, Mon. Not. Roy. Astron. Soc. 237, 355 (1989).
[33] E. M. Butterworth and J. .R. Ipser, Astrophys. J. 204, 200 (1976).
[34] J. M. Bardeen and R. V. Wagoner, Astrophys. J. 167, 359 (1971).
[35] G. B. Cook, S. L. Shapiro and S. A. Teukolsky, Astrophys. J. 424, 823 (1994).
[36] T. Strohmayer and L. Bildsten, “New views of thermonuclear bursts,” in Compact stellar X-ray sources, edited by Walter
Lewin & Michiel van der Klis, Cambridge Astrophysics Series, No. 39. Cambridge, UK: Cambridge University Press, pp.
113 - 156 (2006). [astro-ph/0301544.]
[37] T. Strohmayer and L. Bildsten, “New views of thermonuclear bursts,” in Compact stellar X-ray sources, edited by Walter
Lewin & Michiel van der Klis, Cambridge Astrophysics Series, No. 39. Cambridge, UK: Cambridge University Press, pp.
113 - 156 (2006).
8[38] F. Ozel, G. Baym and T. Guver, Phys. Rev. D 82, 101301 (2010) [arXiv:1002.3153 [astro-ph.HE]].
[39] F. Ozel, A. Gould and T. Guver, Astrophys. J. 748, 5 (2012) [arXiv:1104.5027 [astro-ph.GA]].
[40] T. Guver, P. Wroblewski, L. Camarota and F. Ozel, Astrophys. J. 719, 1807 (2010) [arXiv:1002.3825 [astro-ph.HE]].
[41] S. van Straaten, E. C. Ford, M. van der Klis, M. Mendez and P. Kaaret, astro-ph/0001480.
[42] S. Guillot, M. Servillat, N. A. Webb and R. E. Rutledge, arXiv:1302.0023 [astro-ph.HE].
[43] J. M. Lattimer and A. W. Steiner, Astrophys. J. 784 (2014) 123 [arXiv:1305.3242 [astro-ph.HE]].
[44] N. Stergioulas, Living Rev. Rel. 6, 3 (2003) [gr-qc/0302034].
[45] J. L. Friedman, J. R. Ipser and R. D. Sorkin, Astrophys. J. 325, 722 (1988).
[46] E. P. J. v. d. Heuvel, AIP Conf. Proc. 924, 598 (2007) [arXiv:0704.1215 [astro-ph]].
[47] D. Chakrabarty, AIP Conf. Proc. 1068 (2008) 67 [arXiv:0809.4031 [astro-ph]].
[48] G. B. Cook, S. L. Shapiro and S. A. Teukolsky, Astrophys. J. 398, 203 (1992).
[49] R. I. Epstein and G. Baym, Astrophys. J. 387, 276 (1992).
[50] J. M. Lattimer, Ann. Rev. Nucl. Part. Sci. 62, 485 (2012) [arXiv:1305.3510 [nucl-th]].
90.0 0.2 0.4 0.6 0.8 1.0
Central density (1015g/cm3 )
1.0
1.5
2.0
G
ra
v
it
a
ti
o
n
a
l 
m
a
ss
 (
M
⊙)
0 Hz spin
250 Hz spin
500 Hz spin
750 Hz spin
1 kHz spin
15 20 25 30 35 40
Stellar radius (km)
1.0
1.5
2.0
G
ra
v
it
a
ti
o
n
a
l 
m
a
ss
 (
M
⊙)
equ 0 Hz
pol 0 Hz
equ 250 Hz
pol 250 Hz
equ 500 Hz
pol 500 Hz
equ 750 Hz
pol 750 Hz
equ 1 kHz
pol 1 kHz
0.0 0.2 0.4 0.6 0.8 1.0
Central density (1015g/cm3 )
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4
2.6
G
ra
v
it
a
ti
o
n
a
l 
m
a
ss
 (
M
⊙)
0 Hz spin
250 Hz spin
500 Hz spin
750 Hz spin
1 kHz spin
20 25 30 35 40 45
Stellar radius (km)
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4
2.6
G
ra
v
it
a
ti
o
n
a
l 
m
a
ss
 (
M
⊙)
equ 0 Hz
pol 0 Hz
equ 250 Hz
pol 250 Hz
equ 500 Hz
pol 500 Hz
equ 750 Hz
pol 750 Hz
equ 1 kHz
pol 1 kHz
0.0 0.2 0.4 0.6 0.8 1.0
Central density (1015g/cm3 )
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4
2.6
2.8
G
ra
v
it
a
ti
o
n
a
l 
m
a
ss
 (
M
⊙)
0 Hz spin
250 Hz spin
500 Hz spin
750 Hz spin
1 kHz spin
20 25 30 35 40 45
Stellar radius (km)
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4
2.6
2.8
G
ra
v
it
a
ti
o
n
a
l 
m
a
ss
 (
M
⊙)
equ 0 Hz
pol 0 Hz
equ 250 Hz
pol 250 Hz
equ 500 Hz
pol 500 Hz
equ 750 Hz
pol 750 Hz
equ 1 kHz
pol 1 kHz
FIG. 4. The gravitational mass of neutron stars with a variety of spin frequencies and obeying the CSW EOS are plotted as a
function of the central-density (left-column) and radius (right-column). Each row corresponds to a different value of the CSW
EOS parameter (in cm5 g−1s−2), namely, K = 4.65×105 (top row), K = 5.58×105 (middle row), and K = 6.50×105 (bottom
row). The equatorial (“equ”) and polar (“pol”) radii for a variety of neutron star spins along with the non-spinning (i.e., “0
Hz spin” case) are also shown here.
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FIG. 5. The minimum radius of a non-spinning stable BEC star obeying the CSW equation of state [16] is plotted as a function
of the free parameter K (in cm5 g−1s−2) in (blue) dots. The thin horizontal (red) line shows the observed maximum upper-
bound on the radius of a neutron star [41]. Since the locus of dots intersects the line at K = 2.623 × 105 cm5 g−1s−2, this is
the minimum value of K that corresponds to 15.2 km radius, which is the largest among the observational value as mentioned
in III. The (red) star is at K = 3.475 × 105 cm5 g−1s−2, which is the same data point shown in Fig.1 as well.
